Recent work in our laboratory has shown that sodium pentobarbital injections can induce phase-dependent phase shifts of the circadian rhythm of locomotor activity with the maximum advance at circadian time (CT) 8 and the maximum delay at CT0 in SK/Nga mice but no phase shifts in C57BL/6 mice. In the present study, the possibility that the differences in the effects of pentobarbital on the circadian rhythm may be due to different contributions of the GABA-ergic system to circadian organization in the two strains was tested by comparing the responses of SK mice with those of C57BL mice to muscimol (2 mg/kg), a GABA receptor agonist, and triazolam (25 mg/kg), which is thought to act by potentiating the action of GABA. The hypothesis that pentobarbital-induced phase shifts of SK mice are mediated by the GABA receptor system was also tested by observing whether the phase-shifting effects of pentobarbital were blocked by bicuculline (0.5 mg/kg), a selective antagonist of GABA, injected 3 min prior to pentobarbital (30 mg/kg). The results indicated that muscimol induced phase advances at CT8 and phase delays at CT0, and triazolam induced phase advances at CT8 in SK mice. No phase shifts were induced by any treatment in C57BL mice. These results suggest that the role of GABA-ergic systems in circadian organization may be different in SK and C57BL mice. In addition, bicuculline could block the phase-shifting effects of pentobarbital in SK mice, suggesting that the GABA receptor system may mediate phase-shifting effects of pentobarbital in SK mice. Circadian rhythms, observed in a wide variety of physiological and behavioral parameters, are generated by an internal biological clock and have periods close to 24 hr. These endogenous rhythms are synchronized to external cycles, especially the light-dark (LD) cycle. The suprachiasmatic nucleus (SCN) of the anterior hypothalamus is thought to be the site of a circadian clock in mammals (Takahashi and Zatz, 1982; Turek, 1985) . The SCN receives a direct retinal projection via the retinohypothalamic tract (RHT) and an indirect visual projection via the geniculohypothalamic tract (GHT); these projections mediate entrainment of circadian rhythms to LD cycles (Moore and Card, 1985) . Neurotransmitters involved in the transfer of light information to the biological clock may include acetylcholine, neuropeptide Y (NPY) and y-aminobutyric acid (GABA) (Moore and Card, 1985; Turek, 1985 Turek, , 1987 . Recently, much attention has been given to GABA and GABA-related drugs as therapeutic approaches to physical and mental illness that may be due to disorders 1. To whom all correspondence should be addressed.
in circadian time-keeping Menaker, 1985, 1986; Turek and Losee-Olson, 1986 ; Borsook et al., 1986) .
We have found that pentobarbital injections induce both advanced and delayed phase shifts in the circadian rhythm of locomotor activity in SK mice but do not induce phase shifts in C57BL mice (Ebihara et al., 1988) . One of the actions of pentobarbital on the central nervous system is thought to be a general depression of neural excitability mediated by the GABA receptor system (Barker and Ransom, 1978) . Therefore, it is possible that the differences in the effects of pentobarbital on the phase of circadian rhythms may be due to differences in the GABA-ergic system's contribution to circadian organization in these strains. To explore this possibility, we compared SK mice with C57BL mice in the effects on the circadian rhythm of locomotor activity of injections of muscimol, a GABA receptor agonist (Johnston, 1976) , and triazolam, a short-acting benzodiazepine (Eberts et al., 1981) thought to act by potentiating the action of GABA. In addition, in order to test the hypothesis that pentobarbital-induced phase shifts of SK mice are mediated by the GABA receptor system, the mice were injected with bicuculline, a selective antagonist of GABA (Olsen, 1982) , prior to pentobarbital injection to see whether the phase shifts by pentobarbital were blocked.
MATERIALS AND METHODS
This study used 6-12-week-old male SK/Nga mice, a wild-derived strain (Festing, 1979) , obtained from Department of Animal Genetics, Faculty of Agriculture, Nagoya University, and C57BL/6 mice, purchased from Shizuoka Laboratory Animal Center. The animals were maintained in individual cages equipped with running wheels and were exposed to a LD cycle for at least 1 week. The animals were then blinded by bilateral orbital enucleation under ether anesthesia. They were returned to the cages and allowed to free-run. Food and water were provided ad libitum.
Wheel-running behavior was continuously recorded by an event recorder. After establishing a stable free-running rhythm, each mouse received injections of drugs at circadian time (CT) 8 and CTO because the phase advance at CT8 and the phase delay at CTO were maximal following pentobarbital injections (Ebihara et al., 1988) . Onset of activity (CT12) was used as a phase reference, so CT8 and CTO were defined as 4 and 12 circadian hours before activity onset, respectively. Most of the mice received several injections, with at least 2-week rest intervals between injections over a period of 2-5 months. All injections were intraperitoneal.
The drugs used were sodium pentobarbital (Abbott, 30 mg/kg) dissolved in sterile water containing 8% propylene glycol and 2.1% ethanol; muscimol (Sigma, 2 mg/kg) dissolved in saline; and triazolam (Upjohn, 25 mg/kg) and bicuculline (Sigma, 0.5 mg/kg), both dissolved in dimethylsulfoxide (DMSO). Sterile water containing 8% propylene glycol and 2.1% ethanol was used for control injections. In the experiment to see the effect of bicuculline on pentobarbital-induced phase shifts, bicuculline (0.5 mg/kg) was injected 3 min prior to the injection of pentobarbital (30 mg/kg) .
Phase shifts were determined by measuring the phase difference between eye-fitted lines connecting the onsets of activity for approximately 10 days before and after injections. Transients occurring before a steady-state phase shift was achieved were not taken into account to determine phase shifts. Circadian periods (T) were obtained by eye-fitting a line to the steady-state circadian rhythm for about 10 days after achieving a complete phase shift.
RESULTS

MUSCIMOL
Muscimol (2 mg/kg) induced phase advances at CT8 and phase delays at CTO in SK mice, but no phase shifts at either time were observed in C57BL mice (Figs. 1 and 2). Phase shifts induced by muscimol in SK mice at CT8 and CTO were similar in magnitude to those induced by pentobarbital injections at those phases (Fig. 2 ). Transients were observed after injections of muscimol at CT8 in most of the SK mice (e.g., Fig. 1 ) but these were not evident after injections at CTO. FIGURE 1. Effects of various drugs injected at CT8 on the phase of the circadian locomotor rhythm in SK and C57BL mice. Mice were blinded and allowed to free-run. Each horizontal line represents the activity record, which is placed sequentially from top to bottom. Doubleplot records on a 48-hr time scale are shown. Onset of activity, defined as CT12, was used as a phase reference. Arrows indicate CT8 when drugs were injected. P, sodium pentobarbital (30 mg/kg); M, muscimol (2 mg/kg); T, triazolam (25 mg/kg); BP, bicuculline (0.5 mg/kg) injected 3 min prior to pentobarbital (30 mg/kg); B, bicuculline (0.5 mg/kg). FIGURE 2. Mean (± SEM, n = 5-7) phase shift (hr) of circadian rhythms of locomotor activity following intraperitoneal injections of either vehicle or drugs in SK and C57BL mice. Subjects were not used repeatedly in any one condition but were used repeatedly in different conditions. The phase shift is shown by positive values for phase advances and negative values for phase delays. CON, control; PEN, sodium pentobarbital (30 mg/kg); MUS, muscimol (2 mg/kg); TRI, triazolam (25 mg/kg); BIC, bicuculline (0.5 mg/kg); BIC + PEN, bicuculline (0.5 mg/kg) 3 min prior to pentobarbital (30 mg/kg). Asterisks indicate significance as compared with control: *0.01 < p < 0.05; **p < 0.01 by Mann-Whitney U test.
TRIAZOLAM Triazolam (25 mg/kg) induced phase advances at CT8 but did not induce phase delays at CTO in SK mice (Figs. 1 and 2) . A dose of 25 mg/kg of triazolam was required to produce the same amount of phase advances as pentobarbital and muscimol. A lower dose (10 mg/kg) of triazolam induced phase advances in three out of five mice (A4) = 0.86 ± 0.40 hr; mean ± SEM ; n = 5). Because treatment with triazolam usually caused suppression of wheel-running behavior over a few cycles after injection, it was difficult to observe transients. In C57BL mice, injections of triazolam had no effect on the phase of circadian rhythms of locomotor activity (Figs. 1 and 2 ).
BICUCULLINE ; BICUCULLINE AND PENTOBARBITAL '
. Although bicuculline (0.5 mg/kg) alone had no effect on the phase of circadian rhythms, injection of bicuculline (0.5 mg/kg) prior to pentobarbital (30 mg/kg) blocked the phase-shifting effect of the barbiturate at both CT8 and CTO in SK mice (Figs. 1 and 2) . In C57BL mice, neither bicuculline nor bicuculline plus pentobarbital induced phase shifts at CT8 and CTO (Figs. 1 and 2).
CIRCADIAN PERIOD
Histograms of all measurements of T are shown in Figure 3 . There was a significant difference in T between SK and C57BL mice (T = 23.99 ± 0.02 hr, n = 162, SK; T = 23.28 ± 0.02 hr, n = 161, C57BL; mean ± SEM; p < 0.001, Student's t test). Although T in C57BL mice did not change noticeably in the course of free-running over several months, T values in most of the SK mice were initially shorter than 24 hr but became longer than 24 hr in a prolonged free-run.
DISCUSSION ,
The observation that bicuculline can block both advanced and delayed phase shifts by pentobarbital injections in SK mice indicates that the GABA receptor system may be involved in the mediation of both advanced and delayed phase shifts by pentobarbital. These results are supported by another experiment in our laboratory, which showed that picrotoxin (4 mg/kg), an antagonist of GABA that acts by binding to the GABA receptor-ionophore complex at a site different from the GABA receptor site (Ticku and Olsen, 1980) , also blocks the phase-shifting effect of pentobarbital in SK mice when injected at CT8 (Ebihara et al., unpublished data) . Furthermore, the observations that pentobarbital, muscimol, and triazolam induce phase shifts in SK mice but not in C57BL mice suggest that the role of GABA-ergic systems in circadian organization may be different in SK and C57BL mice. In the present study, mice were blinded and tested for phase-shifting effects of the drugs; therefore, we cannot FIGURE 3. Histograms of all measurements of T in SK and C57BL mice. Each observation is based on at least a 10-day segment of a freerun. For many mice, more than one observation is included. The arrows indicate the means of the distributions. exclude the possibility that blinding eliminates or reduces the sensitivity of a critical receptor population in one strain but not in the other, leading to the different responses to the GABA-active drugs in these strains.
Recently, it was reported that general arousal caused by cage changing or social interaction can induce phase shifts similar in pattern to those for injection of triazolam in hamsters (Mrosovsky, 1988) . This raised the possibility that the drugs used in the present study might have induced certain excitation in SK mice but not in C57BL mice. However, this is unlikely because there were no obvious strain differences in behavioral responses after administration of these drugs. In addition, we examined the possibility that drug-induced phase shifts in SK mice may be due to nonspecific effects of these drugs, such as increasing locomotor activity after recovery from a sedative or hypnotic condition. For this test, SK mice were anesthetized with ether at CT8 and CT10, but these procedures did not induce phase shifts.
Because GABA immunoreactivity and GABA-benzodiazepine binding sites in the retina (Brandon et al., 1979; Howells et al., 1979) and benzodiazepine binding sites in the pineal gland have been found in mammals (Lowenstein et al., 1985) , the retina and the pineal gland may be involved in the sites of action for triazolam. This possibility was tested in blinded and blinded-plus-pinealectomized hamsters receiving an injection of triazolam. The results indicated that the effects of triazolam on the circadian clock are not mediated by the eyes or the pineal gland (van Reeth et al., 1987) . Indeed, blinded SK mice showed phase shifts of circadian rhythms by activation of the GABA receptor system in the present study, and blinded and pinealectomized SK mice also showed phase shifts after pentobarbital injections (Ebihara et al., unpublished data) .
The SCN receives light information via a direct retinal projection (the RHT) and via an indirect projection (the GHT) arising in the intergeniculate leaflet (IGL) of the lateral geniculate body (Moore and Card, 1985) . The phase response curve generated by pentobarbital in SK is similar to that observed in hamsters following microinjections of NPY into the SCN, which is contained in the neurons of the GHT (Albers and Ferris, 1984; Harrington et al., 1985) , and by electrical stimulation of the IGL (Meijer et al., 1984) . In addition, a large number of GABA-containing neurons are found within the SCN (Moore and Card, 1985) . It is therefore possible that pentobarbital, muscimol, and triazolam act either on an indirect retinal pathway to the SCN or on the SCN itself. Thus, the results of the present study suggest that the GABA-ergic systems of the indirect retinal pathway to the SCN or the SCN itself may have different characteristics in SK and C57BL mice. The significantly longer circadian period in SK than in C57BL mice may suggest that there exist basic differences in the circadian system between these strains, which may include differences in GABA-ergic mechanisms involved in circadian organization in the two strains.
Triazolam induces phase advances at CT8 but not phase delays at CTO in SK mice. The reasons for a lack of a phase-delaying effect of triazolam are not known. But it is possible to induce phase delays at other CTs in SK mice. In SK mice, a dose of 25 mg/kg of triazolam is required to produce the same amount of phase advances as produced by pentobarbital and muscimol. This dose of triazolam is much higher than that used in the phase shifts of hamsters' circadian rhythms and for therapeutic purposes in humans. In hamsters, 0.5 mg/animal (3.3 mg/kg) of triazolam can induce maximum phase shifts ; in humans, 0.5 mg is the standard oral dose of triazolam taken for hypnotic purposes (Eberts et al., 1981; Seidel et al., 1984) . Therefore, the lack of a phase-delaying effect of triazolam may reflect a relative insensitivity to triazolam. However, we could not increase the dose because of a high mortality rate.
So far, we have tested only two strains for effects of drug treatments on the phase of circadian rhythms; therefore, it is unknown which features observed in the two strains are general in the mouse. However, since SK mice have been bred from wild mice (Festing, 1979) and still preserve wild-type behavior, the features of circadian rhythms in SK mice may be considered characteristic of wild mice.
In sum, the results of the present study suggest that the GABA receptor system may mediate phase-shifting effects of pentobarbital in SK mice and also suggest that the role of the GABA-ergic system in circadian organization may be different in SK and C57BL mice. These strains may prove to be useful in increasing our understanding of the neurochemical mechanisms of mammalian circadian rhythms and in improving the treatment of various illnesses that may be attributable to disorders of circadian time-keeping.
